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Abstract 
 
Optimal operation of irrigation reservoirs is essential towards ensuring maximum crop 
yield and, in turn, water and food security, especially in developing countries where 
irrigated agriculture is the largest consumptive user of water. An optimal reservoir 
operation model integrating on-farm utilization of water by crops is effective in 
minimizing moisture deficit of the crops resulting in optimal crop growth. In 
developing such models, uncertainties due to random variations in hydrologic 
variables such as inflow, storage, rainfall, soil moisture and evapotranspiration must 
be considered. Additionally, it is also necessary to incorporate uncertainties due to 
imprecision and subjectivity which may be modeled using fuzzy set theory. Further, 
spatial and temporal variations of hydrologic variables also add to the complexities in 
the reservoir operation models. 
 
The main objectives of the research presented in this thesis are: (a) development of 
fuzzy state reservoir operation models integrated with crop water allocation, soil 
moisture balance and root depth, and accounting for spatial and temporal hydrologic 
variations, and (b) development of fuzzy set based performance measures for 
evaluating the performance of irrigation reservoir systems. A case study of Bhadra 
reservoir, Karnataka, India is chosen for demonstrating the applications of the models 
and methodologies developed in the thesis. 
 
A fuzzy state stochastic dynamic programming (FSDP) model is developed by 
considering the reservoir storage and soil moisture of the crops as fuzzy state 
variables and the reservoir inflow as a stochastic state variable. The FSDP model 
integrates a reservoir operation model with a water allocation model, with an 
objective of minimizing weighted evapotranspiration deficits considering storage 
continuity equation, soil moisture balance equation and a crop root growth model. The 
reservoir inflow is assumed to follow a stationary one-step Markov chain. The state 
transformations of fuzzy storage and fuzzy soil moistures of the crops from one 
period to the next are modeled by the reservoir storage continuity and soil moisture 
continuity respectively. The reservoir release decisions are made in the model in 10-
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day periods while water is allocated among the crops on a daily basis. The reservoir 
release is considered as the water available for irrigation in a 10-day period after 
accounting for the conveyance loss. For known soil moisture classes at the beginning 
of the period, water available for the time period is allocated optimally among the 
crops on a daily basis by solving the water allocation model and the optimal objective 
function is obtained. The reservoir operation model optimizes the expected objective 
function values through the stochastic dynamic programming algorithm with 
computations starting from the last time period of a distant year in the future, 
proceeding backwards till the model reaches a steady state. The solution gives optimal 
end of the period storage class for the combinations of known initial storage class, 
inflow class, and initial soil moisture classes in 10-day periods of a year, specifying 
the steady state optimal release policy for a year. All equations used in the fuzzy 
stochastic dynamic programming model are solved using the standard fuzzy 
arithmetic. A fuzzy ranking method is used to compare two or more fuzzy sets. The 
steady state policy obtained using the FSDP model is implemented in the simulated 
operation of the reservoir for irrigation of multiple crops, over a long period of time 
using a simulation model. The steady state policy is used to determine the 10-day 
release, daily actual evapotranspiration of the crops, daily soil moisture of the crops 
and daily water allocation to the crops, in the simulation. On comparison with the 
classical stochastic dynamic programming (SDP) model and a conceptual operation 
policy model, it is observed that the FSDP model, in general, results in lower release 
from the reservoir while maintaining lower soil moisture stress. 
 
Steady state models are useful in deriving long term policies, but may not be 
advantageous in applications for short term real-time operation. In order to improve 
crop productivity in a given year, a real time reservoir operation policy must be 
developed using forecasted reservoir inflows, rainfall in the command area and crop 
water requirement in intraseasonal periods such as 10-day periods. To account for the 
spatial variability of rainfall, the irrigation study area may be discretized into spatial 
grids with grid sizes of, say 0.5 degree latitude by 0.5 degree longitude, subject to 
availability of rainfall data at such scales. Keeping these considerations in view, a 
short term real-time operation model with fuzzy state variables is developed for 
irrigation, in which the reservoir storage and soil moistures of the crops in the gridded 
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command area are considered as fuzzy state variables. The reservoir operation model 
is integrated with a water allocation model and soil moisture balance considering the 
ponding water depth for Paddy. For known soil moisture classes at the beginning of a 
period, water available in a 10-day time period is allocated optimally among the crops 
at gridded reservoir command area on a daily basis using forecasted gridded daily 
rainfall and optimal objective function (which indicates the sum of weighted deficit 
evapotranspiration) is obtained. The objective function values with the corresponding 
soil moistures at the end of the 10-day time period are transferred to the real time 
reservoir operation model. The real time reservoir operation model’s  objective 
function values are optimized through the dynamic programming algorithm with 
computations starting from the last time period in the year to the current time period 
using backward recursion. The solution gives real time operation policies in terms of 
the optimal end of the period storage class in 10-day time periods in the year from the 
current time period to the last time period for given combinations of initial storage 
class and initial soil moisture classes. The fuzzy storage class and the fuzzy soil 
moisture classes at the beginning of the current period are used as inputs to the model. 
The policy is implemented in the current period and the state of the system is updated 
at the end of the period with the actual 10-day inflow and actual daily gridded rainfall 
during the period, accounting for the reservoir release and the irrigation water 
allocations as per the policy. The fuzzy state real time operation model results in 10-
day releases, daily water allocation to the crops, daily actual evapotranspiration of the 
crops, daily soil moistures of the crops and daily ponding depth for Paddy in the year. 
In the case study application, the gridded rainfall forecasts at a spatial resolution of 
0.5 degree longitude by 0.5 degree latitude, provided by the National Centre for 
Medium Range Weather Forecasting (NCMRWF), Government of India, are used. On 
comparison with a conceptual operation policy model, the fuzzy state real time 
operation model is found more suitable. The real time operation model maintains high 
storage in the reservoir during most of the 10-day time periods in a year and results in 
a slightly lower annual release as compared to the conceptual operation policy model. 
The results of the short-term real time policy model are also compared with those of 
long term steady state policy model derived from the fuzzy stochastic dynamic 
programming (FSDP) model. The results from the two models are obtained for one 
typical year, with the same inputs of inflow and rainfall provided to both the models. 
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The usefulness of fuzzy state variables is also examined by comparing the fuzzy state 
real time operation model with two non-fuzzy state real time operation models: (1) 
with discretization of the storage and soil moisture same as that of fuzzy storage and 
fuzzy soil moisture, and (2) with discretization of the storage finer than fuzzy storage 
but the discretization of the soil moisture same as that of fuzzy soil moisture. The 
effect of inflow forecast uncertainty is examined using different sets of forecasted 
inflows, and it is observed that the system performance is quite sensitive to inflow 
forecast uncertainties. Use of satellite based daily soil moisture data extracted from 
the ESA CCI (European Space Agency Climate Change Initiative) in real time 
operation of the reservoir is also demonstrated through the model application. 
 
An optimal reservoir operating policy derived based on specified long term 
objectives, in general, deals with the expected performance of the reservoir system in 
the long run. A systems analyst is interested in the details of the objective function 
used in arriving at a policy while the decision maker would look for implications of 
using the policy. It is therefore important that the implications of the reservoir 
operation with a given policy are studied through performance indicators of interest to 
the decision maker. Three fuzzy set based performance measures, viz., fuzzy 
reliability, fuzzy resiliency and fuzzy vulnerability are developed to evaluate the 
performance of reservoir operating policies for irrigation. A fuzzy set with an 
appropriate membership function is defined to describe the working and failed states 
to account for the system being in partly working and partly failed state. The degree 
of failure of the irrigation reservoir system is defined based on the evapotranspiration 
deficit in a period. The fuzzy reliability of a reservoir system is defined as the fuzzy 
probability of the system being in a satisfactory state. The fuzzy resiliency of a 
reservoir system is defined as the fuzzy conditional probability of the system being in 
a higher degree of satisfactory state in the period t+1compared to the degree of 
satisfactory state in the period t. This is interpreted as the probability of the system 
being in a failure state to a certain degree in period t and recovering to a state of a 
failure of lower degree in period t+1, indicating the recovery of the system from 
period t to period t+1. The fuzzy vulnerability of the reservoir system is defined as a 
fuzzy set of the maximum annual evapotranspiration deficit. The reservoir system 
considered in the case study is simulated for a long period using the steady state 
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policy obtained from the FSDP model, steady state policy obtained from the classical 
SDP model and the conceptual operation policy, and the performance of the system is 
evaluated for each of the policies using the three fuzzy set based performance 
measures. The FSDP model performs better than the other two models in terms of the 
fuzzy reliability, fuzzy resiliency and fuzzy vulnerability. Inclusion of fuzziness in the 
performance measures enables realistic representation of uncertainties in the state of 
the system. 
 
